Many animal species change their behavior according to their stage of development. However, the mechanisms involved in translating their developmental stage into the modifications of the neuronal circuits that underlie these behavioral changes remain unknown. Here we show that Caenorhabditis elegans changes its olfactory preferences during development. Larvae exhibit a weak chemotactic response to the food-associated odor diacetyl, whereas adults exhibit a strong response. We show that germline loss, caused either by laser ablation of germline precursor cells or mutations, results in a diacetyl-specific chemotactic defect in adult animals. These results suggest that germline cells, which proliferate dramatically during the larval stages, enhance chemotaxis to diacetyl. Removal experiments of specific neurons suggested that AWA olfactory neurons and their downstream interneurons, AIA and AIB, are required for germline-dependent chemotactic enhancement. Calcium imaging in animals lacking germline cells indicates that the neural responses of AWA and AIB to diacetyl stimuli are decreased compared with animals with an intact germline. These changes in neural activities may at least partly explain the behavioral change of animals lacking germline cells. Furthermore, this germline-dependent chemotactic change depends on the transcription factor DAF-16/FOXO. We find that organismal behavior changes throughout development by integrating information about physiological status from internal tissues to modify a simple sensory circuit.
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In Brief
Fujiwara et al. demonstrate that germline cells of C. elegans, which proliferate in larvae, affect the chemotactic response of adult animals specifically to a foodassociated odorant, diacetyl. This is accomplished through the function of DAF-16/FOXO. Activities of AWA and AIB neurons in an olfactory circuit are changed by germline cells.
INTRODUCTION
Animal behavior is influenced by internal physiological state as well as by sensory information gathered from the external environment. Many animals change their behavioral patterns during development [1] [2] [3] . For example, adult male mice show an aggressive response when exposed to male-emitted chemosignals, whereas juvenile mice do not. As in this example, mice show mating behavior and reproductively relevant social behavior only as adults [4] . Another example is division of labor in honeybees. Adult worker honeybees perform tasks in the hive such as nursing when they are young, and at approximately 2-3 weeks of age make a permanent shift to foraging for nectar and pollen outside the hive [5] . Behavioral changes such as these need to integrate signals both about the developmental status of the individual and the environment that the individual occupies. In the case of mice, both the individual's sexual maturity and social context shape their behavioral changes, whereas in honeybees, the individual's status and needs of the colony must be coordinated. Thus, regulation of behavioral change over development is important for appropriate outputs, although its neural basis is only partly understood.
Gonadal signals seem to be an important cue to control behavioral changes. Gonadal steroid hormones such as testosterone regulate sexual dimorphism during the perinatal stage, but also act during adulthood to coordinate reproductive status with neural functions [6] . For example, adult male mice fail to express copulatory behaviors when castrated, but testosterone treatment elicits the behavior [7] . Gonadotropin-releasing hormone neurons receive gonadal steroid hormones as input and at least partly mediate mating behavior in adult brains. These neurons innervate diverse regions of the brain, suggesting various ways in which gonadal signals influence behavior [8] . Interestingly, it has been suggested that the division of labor in worker honeybees is controlled by gonadal signals. Worker honeybees with more ovarioles, even if they are sterile, begin foraging earlier in life and tend to be pollen foragers instead of nectar foragers [9] . Because mating and reproduction are critical processes for survival, it is not surprising that behavioral changes are affected by gonadal signals that report on sexual maturity.
Here we analyzed developmental changes in olfactory behaviors and their possible neural basis in Caenorhabditis elegans hermaphrodites. It takes approximately 3 days for C. elegans hermaphrodites to grow from an egg to an adult, developing through four larval stages (L1-L4). A newly hatched, L1, larva has a total of 222 neurons, whereas an adult animal has 302. Most major components of the nervous system, including the olfactory neurons (AWA and AWC) and their downstream interneurons, are already present at hatching. Most of the expansion of the nervous system during post-embryonic development is due to an increase in motor neurons [10, 11] . However, the neural network of larval stages may be flexible [12] , and may contain different connections from those already completely described in adults [13] . Our behavioral and neural imaging analyses suggest that germline growth modifies the olfactory circuit and changes chemotaxis behavior to odorants during development in C. elegans.
RESULTS

C. elegans Changes Its Olfactory Behavior during Development
To determine whether C. elegans changes its behavior during development, we examined chemotactic behavior to odorants at different developmental stages of wild-type (N2) hermaphrodites. C. elegans exhibits chemotactic behavior to various odorants. Most of the attractive odorants are products of bacterial metabolism, and thus it is likely that the chemotactic behavior is important for the animals to locate bacteria, their natural food source [14] . We wondered whether a worm's nutritional requirements changed over the course of development. For example, adult worms may need more of a nitrogen source for egg production than at larval stages. If so, animals may exhibit different food odorant preferences during development.
In most previous studies, the chemotactic behavior of C. elegans was examined in adults. Chemotaxis is generally measured by spotting an odorant on an agar plate and determining the proportion of animals attracted to that spot after a specific amount of time [15] . This value is called the ''chemotaxis index.'' Because larvae move more slowly than adults, chemotaxis indices determined for larval worms may be low even if larvae respond to the attractant. Thus, to compare responses to odors Figure S1 .
between animals at different stages, we performed a choice assay ( Figure 1A ). In this assay, two attractive odorants (A and B) were spotted on a single chemotaxis plate and the numbers of animals that chose either odorant A (#A) or odorant B (#B) were counted to calculate (#A À #B) / (#A + #B) as the choice index to odorant A over odorant B. With the choice assay, we measure odor preference and minimize the effects of differences in movement speeds. Choice assays with the odorant combinations diacetyl/benzaldehyde and diacetyl/pyrazine showed that odor preferences change over development. In both combinations, the choice indices to diacetyl over the other odorant are higher in adults compared with multiple larval stages ( Figure 1B) , suggesting that responses to particular odorants change over development. As expected, standard chemotaxis assays with single odorants performed using larvae yielded particularly lower chemotaxis indices to diacetyl than to the two other odorants, whereas adults showed a higher or similar chemotaxis index to diacetyl in the assays using the same odor concentration and format ( Figure 1C ; Figure S1 ). Taken together, this suggests that odor preference changes during development in C. elegans, and that the larva exhibits a weak chemotactic response to diacetyl.
The Germline Affects Chemotaxis to Diacetyl
The entire C. elegans germline proliferates from two precursor cells to thousands during growth from L1 to adult [16] . Therefore, we wondered whether germline growth contributes to the changes in chemotactic behavior we observed. To check this possibility, we laser ablated the germline precursor cells at the L1 stage and examined the chemotactic behavior of the resulting adults lacking a germline [17] . As shown in Figure 2A , both worms lacking a germline (Z2 and Z3 ablated) as well as worms missing the entire gonad (Z1-Z4 ablated) showed decreased chemotaxis to diacetyl, but not to pyrazine, compared with wild-type controls. Next, we examined the effects of germline loss by using temperature-sensitive glp-1 mutants. If cultured at the restrictive temperature (25 C) during L2, the germline precursor cells in glp-1(ts) mutants enter meiosis instead of proliferating by mitosis, resulting in almost complete lack of germline cells [18] . glp-1(e2141ts) and glp-1(or178ts) were raised at 25 C for 24 hr during the L1-L3 stages to induce severe germline loss, and at 15 C for the next 72 hr until adulthood to minimize differences in growth conditions relative to control animals that were maintained exclusively at 15 C. Hereafter, ''25 C raised'' indicates this culture process, except for the glp-1 temperature-shift assay and experiments with gon-2 described below. Compared with glp-1(ts) animals maintained at 15 C, glp-1(ts) animals lacking a germline showed decreased chemotaxis to diacetyl but not to the other odorants pyrazine, benzaldehyde, and butanone ( Figure 2B ; Figure S2 ). A wild-type strain (N2) grown at 25 C during L1-L3 did not show decreased chemotaxis to diacetyl, indicating that the behavioral change was not due to the difference in culture temperature (Figure 2B ; Figure S2 ). The defect in chemotaxis to diacetyl of the 25 C-raised glp-1(ts) animals was most prominent when the attractant was diluted to relatively low concentration (1/1,000-1/10,000), whereas the dose-response curve to pyrazine was normal over the range we examined ( Figure S2 ). The avoidance response to a repulsive odorant, 2-octanol, was not changed in the 25 C-raised glp-1(ts) animals lacking a germline. To determine whether this was specific to loss of glp-1 function or generally caused by the lack of a germline, we observed the chemotaxis behavior of another germline-proliferation-defective mutant, gon-2(q388ts) [19] . gon-2 animals lacking a germline also showed decreased chemotaxis to diacetyl, particularly at the lower concentration, but responses to pyrazine and to benzaldehyde were almost normal over the dilution series ( Figure S3 ). Thus, the odor-responsiveness pattern of gon-2 was similar to that of glp-1. All of these results suggest that the germline enhances chemotaxis to a low concentration of diacetyl. It can be hypothesized that L1-L3 larvae show weak chemotaxis to diacetyl because germline cells have not proliferated sufficiently. glp-1 animals at the larval stage showed chemotaxis to diacetyl comparable to wild-type larvae ( Figure S4 ). This is consistent with the hypothesis, as germline proliferation seems to be important for the chemotaxis enhancement during the development from larva to adult. However, we do not exclude the possibility that the larval chemotactic defect to diacetyl arises independent of germline regulation. The chemotaxis enhancement by the germline seems to occur not at the olfactory neuron level but at the odorant level, as diacetyl is sensed through AWA and AWC olfactory neurons, which also sense pyrazine and benzaldehyde, respectively.
To examine the relationship between the number of germline cells present and diacetyl chemotaxis, we performed a temperature-shift assay with glp-1(ts) in which the 24-hr time period at the restrictive temperature (25 C) was shifted from L1 to adult (Figure 2C) . By shifting the timing to a later stage of development, the number of germline cells increases gradually [18] . Figure 2C shows choice indices to diacetyl over benzaldehyde in glp-1(or178ts) adult animals that were grown at the restrictive temperature during different developmental stages. The animals shifted to 25 C during L1-L3 as in the above experiment ( C (L3-adult). Thus, adult animals with fewer germline cells show a lower choice index to diacetyl. In addition, this result indicates that functional GLP-1, which has multiple roles in development other than the control of germline proliferation [20] , is required during the early larval stage for normal chemotaxis at the adult stage, supporting the interpretation that GLP-1 influences diacetyl preference primarily via germline proliferation.
Neural Circuitry Involved in Germline-Dependent Olfactory Modification
The C. elegans olfactory circuit has been intensely studied. Two pairs of neurons, AWA and AWC, act as olfactory neurons that sense attractive odorants at least at the adult stage [15] . Downstream of AWA and AWC, several interneurons play important roles in processing olfactory information for chemotaxis (Figure 3A) . Because diacetyl is sensed by AWA (at both low and high concentrations) and AWC (only at high concentrations) [21] , we examined which olfactory neuron and/or downstream circuit is affected by germline cells. We used the AWA and AWC differentiation mutants odr-7 and ceh-36, respectively [22] [23] [24] . We made double mutants of them with glp-1(ts) and observed the effect of germline loss on diacetyl chemotaxis in these mutant backgrounds. The ceh-36 single mutant showed decreased chemotaxis to diacetyl, because AWC is impaired and chemotaxis to diacetyl only functions through AWA in ceh-36. In the ceh-36 mutant background, glp-1-induced germline loss (glp-1;ceh- 36 25 C) caused an additional decrease of the chemotaxis index relative to ceh-36 alone ( Figure 3B ). Next, we examined odr-7. AWA-defective mutants show a very low chemotactic response to diacetyl but retain an almost normal response to benzaldehyde, and these responses are accomplished through AWC [15] . In order to measure the response to diacetyl reliably, we performed the choice assay with diacetyl at very high concentration (1/10) and benzaldehyde at relatively low concentration (1/5,000). In the absence of functional AWA, glp-1-induced germline loss (glp-1;odr-7 25 C) did not cause a further decrease in the diacetyl choice index ( Figure 3B ). In the absence of the AWA-specific diacetyl receptor ODR-10 (in odr-10(ky225)) [25] , glp-1-induced germline loss also did not decrease the diacetyl choice index ( Figure 3B ). Thus, AWAdependent diacetyl sensation, but not AWC-dependent diacetyl sensation, is affected by germline loss. This may explain why the glp-1-induced germline loss affects the chemotaxis to diacetyl particularly at the low concentration ( Figure S2 ).
Among the interneurons downstream of AWA and AWC, AIB and AIY participate in chemotaxis by setting reversal rates [26, 27] and by steering to the right direction [28] , respectively, although neither AIB nor AIY is essential for chemotaxis. We next examined the roles of AIB and AIY in germline-dependent olfactory modification. When AIB was genetically ablated, the chemotaxis index to diacetyl was decreased ( Figure 3C ). Thus, chemotaxis enhancement by AIB depends on germline cells, and chemotaxis enhancement by germline cells depends on AIB. In contrast, genetic ablation of AIY did not change the chemotaxis indices of N2 and glp-1 animals raised at either 15 C or 25 C ( Figure 3C ). Thus, AIY was not involved in germline-dependent behavioral modification.
Because AWA and AIB are part of the circuit involved in germline-dependent olfactory modification and these two neurons are connected by AIA interneurons, we also examined the role of AIA. Genetic ablation of AIA in N2 resulted in decreased chemotaxis to diacetyl. However, AIA ablation in glp-1(ts) temperatureinduced germline-loss animals did not cause a further decrease in chemotaxis ( Figure 3D ). Thus, chemotaxis enhancement by AIA also depends on germline cells. These results suggest that, in wildtype animals, germline growth throughout development may modify the AWA-AIA-AIB circuit, enhancing chemotaxis to diacetyl. As evidenced by glp-1(ts) animals, modification of this circuit may not take place in the absence of a germline, resulting in the chemotaxis defect.
Germline-Dependent Changes in Neural Processing in the Olfactory Circuit
To examine how neural responses are changed in the AWA-AIA-AIB circuit, we monitored odor-evoked neuronal activity in animals expressing the genetically encoded calcium indicator YC3.60 [29] . Application of diacetyl elicited a transient increase in calcium level (indicated by YFP/CFP ratio) in AWA neurons of control animals (N2 25 C, N2 15 C, and glp-1(ts) 15 C), which peaked in 10 s and persisted at a low level during stimulation (150 s). Diluted diacetyl, 10 À6 and 10
À7
, was used for stimulation, as this is the concentration range where wild-type AWA exhibits distinct, but not saturated, responses [30] , enabling high-sensitivity detection of changes in AWA response. In glp-1(ts) animals lacking a germline, diacetyl applications elicited similar AWA responses (glp-1(ts) 25 C) ( Figure 4A ), although the peak response and post-peak levels are reduced in glp-1(ts) 25 C animals relative to glp-1(ts) 15 C animals ( Figures 4A and 4B ). Another AWA-sensed odorant, pyrazine, elicited similar calcium transients in AWA neurons. However, no reduction in the response was observed in glp-1(ts) 25 C compared to the control animals, suggesting that germline loss specifically affects the diacetyl response of AWA ( Figure S5 ).
Because the decrease in AWA response in worms lacking a germline was minor, we wondered whether it was sufficient to explain the change in chemotactic behavior observed. Thus, we examined the AIB response to diacetyl. In control animals, AIB often showed a spontaneous oscillation of calcium level, and responses to diacetyl were more variable than those of AWA ( Figure S6 ). However, diacetyl application (10 À5 dilution)
suppressed spontaneous calcium oscillations in many cases ( Figure S6 ), resulting in a decrease in average calcium level relative to baseline for at least 40 s following diacetyl treatment ( Figure 5A ). In glp-1(ts) worms lacking a germline, diacetyl applications did not cause the distinctive decrease of the average calcium level in most control animals. However, in some glp-1(ts) animals lacking a germline, the cumulative difference was increased. The average showed that the cumulative difference decreased in controls, whereas it did not significantly decrease in glp-1(ts) animals lacking a germline (glp-1(ts) 25 C). Thus, we conclude that germline loss decreases the extent to which AIB activity is suppressed by diacetyl. Our further characterization by Fourier analysis failed to identify the specific frequency components in AIB traces that are decreased by diacetyl application only in control animals but not in glp-1(ts) 25 C (data not shown). Because AIB activation accelerates turning of a worm [31] , a decrease in the suppression of the AIB activity during diacetyl stimulation is thought to interfere with chemotaxis to diacetyl, consistent with the glp-1(ts) chemotaxis-defective phenotype.
DAF-16/FOXO Is Required for Germline-Dependent Chemotactic Regulation
How does germline growth affect neural information processing? We examined candidate genes that might be involved in regulation. Germline loss increases C. elegans lifespan. Germline growth prevents the DAF-16/ FOXO transcriptional factor from its nuclear localization and consequent activation of genes required for longevity [32] . We found that DAF-16 also regulates germline-dependent chemotaxis. In the absence of DAF-16, animals (daf-16 raised either at 15 C or at 25 C) showed lower chemotaxis index to diacetyl than those of wild-type, and loss of germline (daf-16;glp-1(ts) 25 C) did not decrease the chemotaxis index further compared with that of the control animal (daf-16;glp-1(ts) 15 C) ( Figure 6A ). The requirement for transcriptional regulation by DAF-16 was supported by analysis with a loss-of-function mutation of kri-1. KRI-1 acts to promote DAF-16 nuclear localization and its function [33] . In the absence of KRI-1, glp-1(ts)-mediated germline loss failed to decrease chemotaxis (compare kri-1;glp-1(ts) 15 C and kri-1;glp-1(ts) 25 C) ( Figure 6A ). DAF-16 is expressed in many tissues, but exerts its effects on lifespan extension in the intestine [34] . When DAF-16 was expressed under the control of the daf-16 promoter, an intestinespecific promoter, or a pan-neuronal promoter, glp-1(ts) animals raised at 25 C exhibited a decrease in diacetyl chemotaxis compared with animals grown at the permissive temperature, although the chemotaxis indices did not recover to the full extent of that of the glp-1 single mutant ( Figure 6B ). This suggests that DAF-16 acts either in the intestine or in neurons for germlinedependent chemotactic regulation. Because no transgene fully restored chemotaxis, we considered two possibilities. DAF-16 could act to enhance chemotaxis when the germline normally grows, and thus daf-16 mutants show decreased chemotaxis. In this case, the daf-16 expression level from the transgenes we used may not be appropriate, so that we did not see full recovery of the chemotaxis. As another possibility, DAF-16 could act to inhibit chemotaxis when the germline is absent, and thus daf-16 expression restores germline dependency by decreasing chemotaxis of germline-loss animals. In this case, DAF-16 could have an additional function that enhances chemotaxis independent of germline effects, and the function was not restored by these transgenes. In either case, our results suggest that a germ- line regulates chemotaxis, at least in part, through the same mechanism as lifespan control.
DISCUSSION
The behavior of many animals changes as they develop, and the cellular and molecular mechanisms that underlie this change are only partially understood.
Here we find that the odorant preferences of C. elegans change during development, and that germline proliferation has a positive effect on the chemotaxis to a specific odorant, diacetyl. We identified the olfactory circuit that is required for the germline-dependent change, AWA-AIA-AIB. In the presence of germline cells, AWA and AIB exhibit an enhanced response to diacetyl. We also find that germline-mediated changes in this behavior require the transcription factor DAF-16/FOXO. We demonstrated that the AWA response to diacetyl is slightly but significantly decreased in glp-1(ts) animals lacking a germline. The downstream interneuron AIB exhibited a more prominent change than AWA in the absence of a germline. One possibility for this is that germline growth affects not only AWA but also the downstream circuit between AWA and AIB. Another possibility is that the circuit downstream of AWA may amplify the change in AWA response. Interestingly, a recent study reported that the AIA interneuron, which connects AWA and AIB, detects an increase in odor instead of responding to absolute concentrations of odor [30] . The computation through AIA might amplify small decreases in AWA response to larger downstream signals. Because we utilized glp-1 mutations for the analyses, we cannot rule out the possibility that other GLP-1 functions than that in germline proliferation contribute to the phenotype.
The promotion of chemotaxis to diacetyl at the adult stage may be beneficial, because the AWA-specific diacetyl receptor ODR-10 has an indispensable role in food search in C. elegans [35] . Perhaps sexually mature adult animals seek out higher concentrations of food for optimal conditions in which to lay eggs. Because the germline-dependent chemotactic change is odorant specific, ODR-10 expression level could be controlled in the regulation. Interestingly, in C. elegans males, it was shown that ODR-10 level is largely downregulated at the adult stage, causing a postponement of food-searching behavior in favor of mating [35] . It is possible that germline cells are required for maintaining ODR-10 expression in hermaphrodite AWA during the adult stage. However, our attempts to estimate ODR-10 expression levels with ODR-10::GFP did not detect an apparent difference between glp-1(ts) hermaphrodites with or without a germline (data not shown).
What molecules act as germline signals for the chemotactic change? One possibility is gonadal steroid hormones. A recent report showed that gonadal hormones control the sensitivity of specific chemosensory neurons in female mice [36] . C. elegans estrogen-signaling analogs have also been suggested to modulate thermosensation [37] . However, our experiments with estrogen-signaling mutants showed that estrogen signaling is dispensable for germline-dependent regulation of chemotactic behavior (data not shown). As it is downstream of germline signals, we showed that the transcription factor DAF-16/FOXO functions in germline-dependent chemotaxis control as well as in germline-mediated lifespan control. DAF-16/FOXO is a downstream effector of insulin signaling [38] . Thus, insulin might be the germline signal, although germline signals for lifespan control regulate DAF-16/FOXO independently of the insulin pathway [32] .
We find that reproductive maturity modulates olfactory behavior toward a specific food-associated odor. This is accomplished by the germline, which affects an olfactory circuit comprising a sensory neuron and a few interneurons. This indicates that an organism changes its behavior over development by gathering information about the physiological status of internal tissues to modify a simple sensory circuit. Further analyses including identification of the germline signals and neural targets will reveal the mechanism of dynamic regulation of the nervous system during development.
EXPERIMENTAL PROCEDURES Strains and Genetics
Wild-type animals were the C. elegans strain N2. N2 hermaphrodites were grown on Escherichia coli OP50 as food using standard methods [39] .
Strains For analyses of glp-1(e2141ts) and glp-1(or178ts), fertile adult animals raised at 15 C were bleached for eggs, and the eggs were kept at 15 C on an unseeded plate for 20 hr until hatching. Then, the synchronized L1 animals were gathered and transferred to a seeded plate and cultured at 25 C for 24 hr and at 15 C for 72 additional hours until they became adults (25 C raised). As a 15 C-raised control, L1 animals were cultured at 15 C for 120 hr until they became adult animals that were age matched to 25 C raised.
Behavioral Assays Developmental Comparison of Behavior
For the developmental comparison of behavior, N2 animals grown at 20 C were used. For choice assays, 6-cm chemotaxis plates [15] were used, as shown in Figure 1A . First, 0.5 ml odorant A and 0.5 ml odorant B were spotted on opposite sides of a plate, and then 100-200 animals that were washed several times with S Basal [39] were placed at the starting point. For the assay using adult animals, 1 ml 1 M sodium azide (an anesthetic) was placed on each odorant spot 15 min later. For L4 larvae, 1 ml 0.2 M sodium azide was put on 30 min later. For L1-L3 larvae, 1 ml 0.05 M sodium azide was put on 30 min later. Approximately 2 hr after beginning the assays, the numbers of animals within circles with a radius of 0.5 cm centered on the odorant spots (#A and #B) were counted. The choice index to odorant A over odorant B was calculated from the formula (#A À #B) / (#A + #B). The developmental comparison of chemotaxis to a single odorant source was performed similar to the choice assay, except that odorant diluent ethanol was used instead of odorant B.
Single-Worm Chemotaxis Assays of Animals in which Germline Cells Were Laser Ablated Laser ablations of germline precursor cells were performed at the L1 stage of N2 as described previously [17] , and assays were done at the adult stage. Single-worm assays were based on a method described previously [44] . In brief, an adult worm was placed at the center of a 9-cm chemotaxis plate, 1 ml of the odorant was spotted at one end of the plate, and 1 ml of the diluent (ethanol) was placed at the other end of the plate. The animal's tracks were observed after 1 hr. Plates were divided into six zones with assigned values from À3, for the zone farthest from the odorant, to +3, for the zone closest to the odorant. Assays were scored by summing the scores for the zones through which the worm traveled (single-worm chemotaxis index). Thus, the maximum score (indicating strong attraction) and the minimum score (indicating strong repulsion) were 6 and À6, respectively.
Chemotaxis Analyses of Adult Mutants
For chemotaxis analyses of mutants at the adult stage, assays were done using the method described previously by Bargmann et al. [15] . In brief, 9-cm chemotaxis plates were used, and the chemotaxis index was calculated from the formula (#A À #C) / (#A + #C + #R) (#A, animal number at the odorant source; #C, animal number at the diluent [ethanol] ; #R, number of animals roaming between the spots of odorant and ethanol). All strains plotted on each graph were measured at the same time.
Calcium Imaging
For generation of a line for calcium imaging, Cameleon YC 3.60 [29] was expressed under the odr-10 promoter [25] for imaging AWA and under the inx-1 promoter [45] for imaging AIB. The extrachromosomal arrays (Ex[odr-10p::YC3.6/lin-44::gfp] and Ex[inx-1p::YC3.6/lin-15]) were transferred from control background to glp-1(e2141) by mating. Calcium imaging was performed using the microfluidic olfactory chip, as described previously [46] . In brief, an animal was immobilized in a microchannel, and the nose of the animal was exposed to a flowing stream of diacetylcontaining or odor-free solutions. Fluorescent images of the calcium indicator were obtained using a Zeiss Axioplan 2 microscope equipped with 403 objective and a 3CCD digital camera (C7780; Hamamatsu). All images were collected at a 300-ms exposure time with no intervening interval for a 2-to 7-min total duration. Using AquaCosmos software (version 2.6; Hamamatsu), the time stacks were analyzed for the ratio of YFP-to-CFP intensity in the cell bodies of AWA or AIB. The change in YFP/CFP ratio was calculated as the YFP/CFP ratio relative to the mean basal ratio during the 10 and 40 s preceding the diacetyl application for AWA and AIB, respectively. For calculation of the cumulative difference in traces of the YFP/ CFP ratio, a YFP/CFP ratio recording of an individual sample was first smoothed by a simple moving average of 5 time frames (1.5 s). Then, the absolute values of the differences in YFP/CFP ratio between two consecutive time frames were summed over a 40 s period (133 time frames) preceding diacetyl application to establish the pre-treatment cumulative difference of the sample. The sum of the differences in YFP/CFP ratio over a 40 s period (133 time frames) during diacetyl application (between 10 and 50 s after application began) was defined as a post-treatment cumulative difference. 
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